Blastocyst formation, as a critical period during development, is an effective indicator of embryonic health and reproductive efficiency. Out of a number of mechanisms underlying blastocyst formation, highly conserved mitogen-activated protein kinase (MAPK) signaling has emerged as a major mechanism involved in regulating murine preimplantation embryo development. The objective of our study was to ascertain the role of MAPK signaling in regulating bovine development to the blastocyst stage. Using reverse transcriptase PCR and immunohistochemical staining procedures we have demonstrated that mRNA transcripts and polypeptides encoding p38 MAPK pathway constituents are detectable in preimplantation bovine embryos from the one-cell to the blastocyst stage. Further, the effects on bovine embryo development following inhibition of p38a/b and extracellular signal-regulated kinase (ERK) signaling by treatment with SB220025 and U0126, respectively, were investigated. Eight-cell bovine embryos (50 per group; three replicates) were placed into treatments consisting of synthetic oviductal fluid (SOF) medium: SOF 1 SB202474 (inactive analogue), SOF 1 SB220025, SOF 1 U0124 (inactive analogue), SOF 1 U0126, and SOF 1 SB220025 1 U0126. Inhibition of p38 MAPK or ERK signaling individually did not affect development to the blastocyst stage. However, when both pathways were blocked simultaneously there was a significant reduction (P < 0.05) in blastocyst formation, cell number and immunofluorescence of phosphorylated downstream pathway constituents. We have determined that, in variance to what was observed during murine preimplantation development, bovine early embryos progress at normal frequencies to the blastocyst stage in the presence of p38 MAPK inhibitors. 
Introduction
Preimplantation embryogenesis, defined as the time interval from conception to nidation or attachment of the embryo to the uterus, is an important determinant of embryonic health and reproductive efficiency. This period is characterized by the development of the fertilized zygote through cleavage divisions, the activation of embryonic transcription, and the morphogenetic events of compaction and cavitation, which result in the formation of the blastocyst. Any aberration in the cascade of events during this critical period of blastocyst formation and hatching has a deleterious affect on the developmental potential and/or the survival of the embryo (Niemann & Wrenzycki 2000 , Watson & Barcroft 2001 , Niemann et al. 2002 . Therefore, understanding the signals that regulate preimplantation embryogenesis is key in comprehending the spatiotemporal progression of the early embryo.
The mitogen-activated protein kinase (MAPK) pathways transmit responses from ligand-receptor interactions and convert them into a variety of cellular responses ranging from apoptosis to immune response as well as growth and differentiation, cytoskeletal re-arrangements and cell proliferation (Kyriakis & Avruch 2001 , Zhang & Liu 2002 , Cowan & Storey 2003 , Ravingerova et al. 2003 . The MAPK superfamily of proteins consists of four separate signaling cascades: the c-Jun N-terminal kinase or stress-activated protein kinases (JNK/SAPKs; Woodgett et al. 1996 , Whitmarsh & Davis 2001 , the extracellular signal-regulated kinases (ERKs; Boulton & Cobb 1991 , Pouyssegur et al. 2002 , the ERK5 or big MAP kinase 1 (Lee et al. 1995 , Zhou et al. 1995 , and the p38 MAPK group of protein kinases (Han et al. 1994) , all of which are highly conserved throughout eukaryotic systems (Kyriakis & Avruch 2001) .
We have demonstrated recently that all principal constituents of the p38 MAPK family are expressed throughout murine preimplantation development (Natale et al. 2004) . This subfamily of the MAPK includes four protein isoforms, p38 a, b, g, and d, that regulate cellular processes such as inflammation and cytoskeleton re-arrangements as well as cell proliferation and apoptosis (Enslen et al. 2000 , Ono & Han 2000 , Kyriakis & Avruch 2001 . p38 MAPK further regulates actin filament formation through MAPKAPK 2/3 (MK2) or MAPKAPK 5 (PRAK) and subsequently through heat-shock protein (Hsp) 25/27 (Lavoie et al. 1995 , Guay et al. 1997 , Huot et al. 1998 , DalleDonne et al. 2001 , Khurana & Dey 2003 . More importantly we have discovered that inhibition of p38 MAPK activity during murine preimplantation development results in a blockade of development at the eight-to-16-cell stage that is fully reversible for at least a 48-h treatment interval (Natale et al. 2004 , Paliga et al. 2005 . These results have implicated p38 MAPK as an important regulator of filamentous actin and of preimplantation development in mice (Natale et al. 2004) . The effects of p38 MAPK inhibition on filamentous actin can be observed within 3 h of treatment with p38 MAPK inhibitors applied to eight-cell-stage murine embryos and this is accompanied by a decline in phosphorylated MAPKAPK 2/3 and Hsp25/27 (Paliga et al. 2005) . All of these effects of p38 MAPK inhibition were reversible upon removal of the inhibitor and development resumed in a delayed but normal fashion to the blastocyst stage (Natale et al. 2004 , Paliga et al. 2005 .
During the last decade, production of bovine embryos in vitro has become a routine research method in many laboratories, and is also being adopted in applied breeding programs; however, there is dearth of information related to understanding the mechanisms that regulate bovine blastocyst formation. Perhaps of even greater importance is the need to define common mechanisms of regulation across all species so that insight relevant to improving our understanding of early development in the human can be discerned. Therefore, the objective of the present study was to investigate the role of MAPK signaling during bovine preimplantation embryo development. Surprisingly, we have determined, that in variance to what was observed during murine preimplantation development, bovine early embryos progress at normal frequencies to the blastocyst stage in the presence of p38 MAPK inhibitors.
Materials and Methods

Production of bovine embryos in vitro
Bovine ovaries were transported from an abattoir in sterile saline at 32 -37 8C for oocyte collection using standard protocols as described previously (Giritharan & Rajamahendran 2001) . Briefly, cumulus -oocyte complexes (COCs) from small follicles (3 -6 mm) were aspirated into the follicular aspiration medium consisting of Dulbecco's PBS (Gibco BRL; Invitrogen, Burlington, ON, Canada), 0.3% BSA (Sigma-Aldrich Canada, Oakville, ON, Canada) and 50 mg/ml gentamycin (Sigma-Aldrich, Canada) using an 18 gauge needle attached to vacuum suction apparatus. COCs that contained an oocyte with an evenly granulated cytoplasm and surrounded by more than three layers of cumulus cells were selected for maturation in vitro. For maturation and fertilization, standard insemination and embryo-culture protocols were used as described previously (Vigneault et al. 2004) Briefly, the COCs were cultured in oocyte maturation medium composed of modified synthetic oviductal fluid (SOF) medium (Holm et al. 1999) with 0.8% BSA, modified Eagle's medium (MEM), non-essential amino acids (Gibco), MEM essential amino acids (Gibco), 1 mM glutamine, 0.5 mg/ml follicle-stimulating hormone (FSH) and 1 mg/ml 17b-estradiol. About 50 COCs were placed in each well of a four-well culture plate and incubated in a humidified atmosphere for 24 h at 38.5 8C and an atmosphere of 5% CO 2 in air.
About 50 mature COCs were added to 330 ml drops containing modified Tyrode lactate medium (TLH) supplemented with 0.6% fatty acid-free BSA (Sigma-Aldrich), 0.2 mM pyruvic acid, 10 mg/ml heparin and 50 mg/ml gentamycin under mineral oil. Frozen semen was thawed at 37 8C for 1 min and placed at the bottom of a 5 ml tube containing TLH. After 90 min of incubation at 38.5 8C and 5% CO 2 the spermatozoa that had 'swum up' were collected and centrifuged at 250 g for 5 min at room temperature. The supernatant was discarded and sperm pellet were re-suspended in 1 ml TLH medium. Sperm number was counted using a hemocytometer to obtain a final concentration of 1 £ 10 6 spermatozoa/ml in the COC drop. The co-incubation of spermatozoa and COCs was carried out in humidified air at 38.5 8C and an atmospshere of 5% CO 2 in air for 15 -18 h.
Following fertilization, presumptive zygotes were denuded by vortexing, washed three times in culture media containing SOF medium containing 0.8% BSA, MEM non-essential amino acids, 1 mM glutamine, 1.5 mM glucose and 10 mM EDTA (called SOF1 medium). Subsequently, 20 -30 presumptive zygotes were transferred to each 50 ml culture drop under mineral oil and cultured at 38.5 8C, 5% CO 2 , and humidified air with reduced-oxygen atmosphere (7%). After 72 h of culture, SOF1 medium was replaced with SOF2 medium, which contained 0.8%, BSA, MEM non-essential amino acids, MEM essential amino acids, 1 mM glutamine and 1.5 mM glucose. This is done to prevent toxicity due to ammonium accumulation resulting from amino acid degradation (Vigneault et al. 2004 ) and the efficacy of SOF in bovine in vitro embryo development has been demonstrated previously (Ali & Sirard 2002) . Batches of 20 embryos were harvested at timed stages of development (two, four, and eight cells, morulae, and blastocysts) for RNA extraction or immunohistochemistry.
Primer design
Primer sets were designed to recognize and amplify conserved nucleotide sequences encoding human and murine MAPK pathway constituents. cDNA sequences and/or homologue(s) were identified using the BLAST (Basic Local Alignment Search Tool) computer program (National Center for Biotechnology Information, Bethesda, MD, USA). Primers were designed using the Primer3 computer program (Whitehead Institute, Cambridge, MA, USA) and the corresponding oligonucleotides (Table 1) were synthesized (Invitrogen).
RNA extraction, reverse transcription and PCR
Total RNA was extracted from bovine embryos (pools of 20 embryos/stage at the one-, two-, four-, and eight-cell, morula and blastocyst stages) using the phenol/chloroform method of Chomczynski & Sacchi (1987) . The total RNA extracts were digested with DNase 1 to eliminate possible contamination from genomic DNA. The reverse transcriptase (RT) reactions were conducted using oligo-dT primers (Gibco BRL) as described previously (Barcroft et al. 1998 , Offenberg et al. 2000 , Natale et al. 2004 . Briefly, samples were incubated for 90 min at 42 8C in a total volume of 20 ml consisting of 50 mM Tris/HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM dNTPs, and 200 units of Superscript II (Gibco BRL) followed by heating the samples to 95 8C for 5 min to terminate the reaction.
PCR was conducted using a protocol described previously (Barcroft et al. 1998 , Offenberg et al. 2000 , Natale et al. 2004 . Briefly, two embryo equivalents for each stage of development under investigation were used per PCR reaction, which was repeated a minimum of three times from pools of three different developmental series of embryos. The primer sequences and the expected amplication sizes are given in Table 1 . PCR products were resolved on 2.0% agarose gels containing 0.5 mg/ml ethidium bromide (Invitrogen). To confirm the specificity of each PCR product, representative amplicons were extracted from the gels and purified using a QIAquick Gel Extraction Kit (Qiagen, Mississauga, ON, Canada) and submitted for nucleotide sequencing (DNA Sequencing Facility, Robarts Research Institute, London, ON, Canada). The nucleotide sequence was subsequently compared with sequences available from the GenBank Nucleotide Sequence Database to confirm the specificity of each PCR product. Sequence homology ranged from 76 to 92% for bovine amplicons compared with known human sequences.
Whole-mount indirect immunofluorescence
To analyze the distribution of proteins encoding MAPK signaling pathway constituents during bovine preimplantation development, a whole-mount immunofluorescence technique described previously by Natale et al. (2004) for immunolocalization of p38 MAPK signaling molecules in mouse preimplantation embryos was used. Subsequently the immunofluorescence was detected using laser-scanning confocal microscopy as described previously (Barcroft et al. 1998) .
Briefly, embryos at timed stages of development (oocytes, two-, four-, and eight-cell, morula and blastocyst stages) were washed in 1 £ PBS and then fixed in 2% paraformaldehyde in PBS for 20 min at room temperature. These fixed embryos were washed in 1 £ PBS and either processed immediately for immuno-staining or stored at 4 8C in PBS þ 0.09% sodium azide for a maximum of 3 weeks.
For immuno-staining, fixed embryos were permeabilized and blocked in 1 £ PBS þ 5% donkey serum þ 0.01% Triton X-100 for 1 h at room temperature. Embryos were washed in 1 £ PBS and incubated with primary antibody diluted 1:100 in 1 £ PBS þ 1% donkey serum þ 0.005% Triton X-100 for 1 h at room temperature followed by additional washes totaling 1 h at 37 8C. Primary antibodies were detected by exposure for 1 h to FITC-conjugated secondary antibodies (Jackson Immunoresearch Laboratories, Bar Harbour, ME, USA) diluted 1:200. Embryos were then treated with rhodamine-conjugated phalloidin (5 mg/ml; 1:20) and DAPI (1 mg/ml; 1:2000) for 30 min at 37 8C followed by two washes for 2 h each at 37 8C. Embryos were mounted in FluoroGuard antifade mounting reagent (BioRad, Mississauga, Table 1 Nucleotide sequences for PCR amplification of MAPK-pathway constituents; namely p38 a, b, g and d, MK2, and Hsp25/27. www.reproduction-online.orgON, Canada). Fluorescence patterns were examined using a Zeiss LSM 410 laser-scanning microscope with an inverted Axiovert 100 microscope under 20 -40 £ magnification. The images were then captured and stored as TIFF files by the Zeiss LSM software package.
All primary antibodies (p38, phospho-p38, MK2, phospho-MK2, Hsp25/27, phospho-Hsp25/27, ERK1/2 and phospho-ERK1/2) were obtained from Cell Signaling Technology (Beverly, MA, USA). The efficacy of phospho-p38 and phospho-ERK1/2 in detecting proteins extracted from granulosa cells of the bovine ovary was evaluated using Western blotting (data not shown).
Pharmacological inhibition of the p38 and ERK MAPK pathways
In vitro-produced and cultured eight-cell bovine embryos were treated with CSAID SB220025, an inactive analogue SB202474 or with vehicle alone (0.2% DMSO in SOF). These pharmacological inhibitors specifically inhibit p38 MAPK a and b isoforms at the concentrations used in this study (Jackson et al. 1998 , Davidson & Morange 2000 , Cirillo et al. 2002 , English & Cobb 2002 . Specifically, eight-cell bovine preimplantation embryos were divided into three treatment groups: (a) control (SOF þ 0.2% DMSO), (b) SOF þ 20 mM SB202474 (inactive analogue), and (c) SOF þ 20 mM SB220025. A similar protocol was repeated using 10 mM UO126, an inactive analogue, 10 mM UO124, or vehicle alone (DMSO in SOF). These inhibitors are specific for the ERK1/2 MAPK pathway (Favata et al. 1998 , Satoh et al. 2000 In a final experimental series we conducted trials where eight-cell embryos were treated with a combination of both p38 MAPK-and ERK-pathway inhibitors. Eight-cell embryos were incubated in one of the following treatment groups:
, (e) SOF þ 10 mM UO126, and (f) SOF þ 20 mM SB220025 þ 10 mM UO126. Embryos were removed at specific treatment times, including embryos treated for 5 days (long culture or LC) and embryos treated for 2 days and then placed into drug-free medium for 3 days (short culture or SC), for assessment of their development prior to fixation in 2% paraformaldehyde. Embryos were either processed for whole mount immunofluorescence immediately or they were stored in embryo-staining buffer for no longer than 3 weeks before processing.
Statistical analysis
The results are presented as the means^S.E.M. from three independent experiments. Statistical differences between time points were assessed by analysis of variance (ANOVA). Differences were considered significant when P , 0.05. Significant differences between the means were determined using the least-significant-difference test.
Results
mRNA transcripts for constituents of the p38 MAPK signaling pathway
Transcripts encoding three of the four p38 MAPK isoforms (a, b, and g), MK2, and Hsp25/27 were detected during bovine preimplantation embryo development (Fig. 1) . Whereas the mRNA transcripts encoding p38 MAPK a and b, MK2, and Hsp25/27 were detected in all developmental stages from the one-cell to the blastocyst stage, transcripts for p38 MAPK g were detected only in the early stages of preimplantation embryogenesis, i.e. two-, four-, and eight-cell stages. In addition, mRNA transcripts encoding p38 MAPK d could not be detected in any of the stages of bovine preimplantation embryo development.
Localization and distribution of p38 MAPK and ERK1/2 MAPK signaling pathway proteins in the preimplantation bovine embryo Whole-mount immunofluorescence revealed immunoreactive proteins for p38 MAPK and ERK1/2 pathways at timed stages of bovine preimplantation development (Fig. 2) . p38 MAPK protein maintained a predominantly cytoplasmic distribution in all blastomeres from the onecell to the blastocyst stage. The localization pattern for the phosphorylated form of p38 MAPK completely mirrored the pattern observed for p38 MAPK protein.
In contrast, the MK2 immunofluorescence was found primarily within the cytoplasm at the two-and eight-cell stages; however, at the blastocyst stage MK2 protein immunofluorescence was concentrated more in the nucleus of each blastomere (Fig. 2) . MK2 immunofluorescence Figure 1 Detection of transcripts encoding p38 MAPK isoforms and ERK-pathway constituents during bovine preimplantation development. RT-PCR products encoding p38 MAPK a, b, g, and d, MK2, and Hsp27 were investigated at timed stages of development (O, matured oocytes; 2, two-cell; 4, four-cell; 8, eight-cell; M, morula; B, blastocyst; L, ladder).
was also detected throughout the trophectodermal cell cytoplasm (Fig. 2) . The phospho-MK2 protein immunofluorescence mirrored that of the MK2 protein at the twocell stage (Fig. 2) . However, from the eight-cell stage onward the phospho-MK2 protein expression differed from that of MK2 protein since it was observed predominantly in the nuclei of each blastomere (Fig. 2) . This localization pattern for phospho-MK2 was maintained right up to the blastocyst stage. Hsp25/27 and phospho-Hsp25/27 were detected throughout all bovine preimplantation embryo Figure 2 Distribution of p38 MAPK, phospho-p38 MAPK, MK2, phospho-MK2, Hsp25/27, phospho-Hsp25/27, ERK1/2, and phospho-ERK1/2 during bovine preimplantation embryo development at timed stages of development. Green, red, and blue colors in each representative photomicrograph indicate positive staining for the respective primary antibody, F-actin (rhodamine-phalloidin), and nuclei (DAPI) respectively. Control-panel photomicrographs are representative of embryos that were exposed to FITCconjugated secondary only (no primary antibody) in addition to rhodaminephalloidin and DAPI. stages (Fig. 2) . At the two-cell stage, immunoreactive proteins for Hsp25/27 and phospho-Hsp25/27 were detected throughout the cytoplasm. Eight-cell-stage embryos, however, exhibited both nuclear as well as cytoplasmic localization. At the blastocyst stage, both Hsp25/27 and its phosphorylated form were co-localized with filamentous actin, as indicated by the yellow fluorescence that forms following merging of the green Hsp25/27 fluorescence with the red rhodamine-phallodin fluorescence. This colocalization of Hsp25/27 with the actin cytoskeleton was more prominent with the phosphorylated form of Hsp25/27. In addition to co-localization to actin, Hsp25/27 as well as phospho-Hsp25/27 could be detected in the cytoplasm. During all the stages of preimplantation embryogenesis in the bovine embryo, ERK1/2 and phospho-ERK1/2 proteins displayed cytoplasmic and nuclear distribution at the two-and eight-cell stages (Fig. 2) . However at the blastocyst stage, whereas ERK1/2 was detected both in the nucleus and cytoplasm of trophectodermal cells, its phosphorylated form was only detected in the cytoplasm associated with the actin cytoskeleton (Fig. 2) .
Inhibition of the p38 MAPK signaling pathway in the bovine embryo
The treatment of eight-cell bovine embryos with 20 mM SB220025, a specific inhibitor of p38 MAPK a/b isoforms, did not result in any significant differences in the proportion of embryos progressing to the blastocyst stage as compared with untreated controls. In addition, SB220025 treatment did not affect the timing of cavitation, as embryos in all three treatment groups progressed to the blastocyst stage at the same time (Fig. 3) .
Having ascertained that p38 MAPK a/b isoform inhibition does not block bovine preimplantation embryogenesis, we focused our attention on blocking the ERK1/2 pathway. Treatment of eight-cell embryos with 10 mM UO126, a specific inhibitor of ERK1/2, also did not result in any significant differences in the proportion of eightcell embryos that progressed to the blastocyst stage as compared with untreated controls and embryos treated with UO124 the inactive analogue. Those embryos treated with UO126 also underwent cavitation at the same times as observed in control groups (Fig. 3) .
In our next experiment we investigated whether blockade of both p38 MAPK and ERK pathways affected bovine preimplantation development. Although the inactive inhibitors and control groups displayed a similar developmental frequency and were blastocysts by days 7-9, the group of embryos treated with the combination of SB220025 and UO126 (LC) failed to develop to the blastocyst stage. Most of the embryos in the LC group were halted at about the eight-to-16-cell stage (Fig. 3) . Likewise, for eight-cell-stage embryos treated with both SB220025 and UO126 together for only 48 h (SC) prior to removal from these treatments and placement in fresh drug-free culture medium only a very small proportion of these treated embryos progressed to the blastocyst stage (Fig. 3) . Thus we conclude that treatment of bovine zygotes with both inhibitors for 48 h or longer significantly reduces development to the blastocyst stage.
Effect of p38 MAPK and ERK inhibitors on phosphorylation of downstream proteins
In order to assess the ability of pharmacological inhibitors SB220025 and UO126 to inhibit p38 MAPK and ERK pathway constituents, either individually or in tandem, Figure 3 The effect of treatment with pharmacological inhibitors of the p38 MAPK or ERK pathway on preimplantation bovine embryos. Eightcell embryos were treated in culture with 0 mM (Control), p38 MAPK-inactive analogue SB202474 (20 mM), p38 MAPK-active inhibitor SB220025 (20 mM), ERK1/2-inactive analogue UO124 (10 mM), ERK1/2-active inhibitor UO126 (10 mM), 20 mM SB220025 þ 10 mM UO126 treated for 2 days (SC), and 20 mM SB220025 þ 10 mM UO126 treated for 5 days (LC). Treatment with specific inhibitors alone or with their inactive analogues did not result in any significant differences (P , 0.05) in the proportion of eight-cell embryos that progressed to the blastocyst stage However, with both p38 MAPK and ERK1/2 inhibitors there was a significant reduction (*) in the developmental competency of the eightcell embryos. Most of the embryos in the LC group were halted at about the eight-to-16-cell stage and none of them developed to the blastocyst stage. In the SC group, a very small proportion of treated embryos progressed to the blastocyst stage.
we investigated the phosphorylation of the downstream substrates MK2 and Hsp25/27 after treatment with specific inhibitors. Whole-mount indirect immunofluorescence was used to evaluate the phosphorylation state of p38 MAPK, ERK1/2, MK2, and Hsp25/27. The control groups displayed fluorescence patterns consistent with those already described for phospho-p38 MAPK, phospho-ERK1/2, phospho-MK2, and phospho-Hsp25/27 (Fig. 4) . In embryos treated with either of the pharmacological inhibitors alone, there were no significant differences in the phospho-immunofluorescence patterns from that of controls. This result was unexpected and indicates that phosphorylation of these downstream kinases is not completely dependent upon maintaining activity of upstream p38 MAPK or MEK (MAPK/ERK kinase) kinases in this species. However, when the combination of p38 MAPK and ERK inhibitors were used, phosphofluorescence of phospho-p38 MAPK, phospho-MK2, phospho-Hsp25/27, and phospho-ERK1/2 (Fig. 4) were downregulated in the eight-to-16-cell-stage embryos.
Effect of p38 MAPK and ERK inhibitors on embryonic actin
Our previous studies have demonstrated that p38 MAPK is a potent regulator of filamentous actin in the mouse Figure 4 Distribution of phospho-p38 MAPK, phospho-MK2, phospho-Hsp25/27, and phospho-ERK1/2 during bovine preimplantation embryo development after exposure to either SB220025 or UO126, or both, at timed stages of development. Green, red, and blue colors in each representative photomicrograph indicate positive staining for respective primary antibody, F-actin (rhodamine-phalloidin), and nuclei (DAPI) respectively. SC represents embryos kept in specific inhibitors for 48 h and LC for 96 h. embryo. Therefore, we also investigated the effect of specific MAPK inhibitors on actin cytoskeleton of the developing bovine preimplantation embryo. Filamentous actin was evaluated using rhodamine-phalloidin immunofluorescence as demonstrated previously using mouse embryos (Natale et al. 2004 , Paliga et al. 2005 . Whereas embryos treated with individual inhibitors showed identical filamentous actin patterns to that of controls, embryos treated with the combination of inhibitors displayed a marked reduction in rhodamine-phalloidin fluorescence by the eight-to-16-cell stage (Fig. 4) . However, in a small number of SC embryos treated for only 48 h that developed to the blastocyst stage, there was not only a marked reduction in the rhodamine-phalloidin immunofluorescence but also distinct loss of pattern. The filamentous actin appeared indistinct as compared with the controls, where filamentous actin was localized at trophectodermal cell junctions.
Discussion
This study investigates, for the first time, the role of MAPK signaling during bovine preimplantation embryo development. We have determined that mRNAs and proteins encoding the principal constituents of the p38 MAPK pathway are present throughout the first 8 days of bovine preimplantation development, similar to what we have already reported for the mouse preimplantation embryo (Natale et al. 2004 , Paliga et al. 2005 ,. However, our results demonstrate that bovine preimplantation development (unlike that observed for mouse preimplantation development) is not dependent upon p38 MAPK activity. Treatment of mouse embryos with SB220025 at either the two-, four-, or eight-cell stage of development results in a reversible developmental blockade at the eight-to-16-cell stage (Natale et al. 2004 , Paliga et al. 2005 . Our present study has demonstrated that treatment of eight-cell bovine preimplantation embryos with the same inhibitor does not affect development to the blastocyst. Furthermore, treatment with SB220025 does not result in a loss of downstream kinase (MK2 or Hsp25/27) phosphorylation in the bovine embryo as it does in the mouse early embryo (Natale et al. 2004 , Paliga et al. 2005 . This suggests that, in the bovine preimplantation embryo, alternative pathways also regulate the downstream targets of p38 MAPK activation. In the mouse early embryo it would appear that p38 MAPK is the primary if not sole activator of MK2 and thus Hsp25/27 at the eight-to-16-cell stage (Natale et al. 2004 , Paliga et al. 2005 . To investigate this further, we conducted experiments with an inhibitor of the ERK MAPK pathway, UO126. Bovine preimplantation embryos treated alone with UO126 did not display an impaired ability to develop to the blastocyst stage. This result is in accordance with outcomes from similar experiments applied to the mouse embryo, suggesting that the ERK pathway is not required to sustain development to the blastocyst stage (Haraguchi et al. 1998 , Natale et al. 2004 . When both inhibitors are combined, we observed an unexpected outcome. Bovine early embryos treated with both SB220025 and UO126 displayed a developmental blockade at the eight-to-16-cell stage and did not complete development to the blastocyst stage. The results suggest that there are important species differences in the activation and function of MAPK signaling. For the bovine species, it is likely that the ERK pathway is capable of activating p38 MAPK downstream kinases in the absence of p38 MAPK activity to maintain development to the blastocyst stage. Thus bovine embryos require both p38 MAPK and ERK signaling for their development to the blastocyst stage. MAPK pathways regulate several cellular processes, including cell proliferation, growth, differentiation, and death (Kyriakis & Avruch 2001 , Ravingerova et al. 2003 , Ji 2004 . Generation of a p38a MAPK-null mouse line demonstrated that p38a MAPK is a key regulator of placental formation but not of preimplantation development, as the null mutants in this line display an embryonic lethality associated with placental defects (Adams et al. 2000 , Allen et al. 2000 , Mudgett et al. 2000 . As several p38 MAPK isoforms have been identified in murine embryos (Natale et al. 2004) , it is likely that other isoforms compensate for the loss of the p38a isoform in the null line. This was subsequently proven when simultaneous inhibition of p38a/b impeded the development of murine embryos to the blastocyst stage (Natale et al. 2004) . However, no information has been available until now on the role of MAPK signaling in the bovine embryo and it is imperative that experiments contrast the expression and activation of MAPK pathways in species beyond the mouse. Using a gene-specific RT-PCR technique we have identified mRNA transcripts encoding p38 MAPK isoforms (a, b, and g), MK2, and Hsp25/27 in the bovine embryo. That we could not detect p38 MAPK d isoform in the bovine preimplantation embryo at any of the developmental stages under study could signify that p38d is not required by the bovine preimplantation embryo during these early stages of development. This result is in contrast to what was observed in the mouse preimplantation embryo as mRNAs encoding both the g and d p38 MAPK isoforms were detected throughout preimplantation development in this species (Natale et al. 2004) .
Although the expression of p38 MAPK a and b, MK2, and Hsp25/27 were observed throughout bovine preimplantation development, expression of p38 MAPK g could be detected only at the early stages of preimplantation embryo, i.e. from oocyte to eight-cell stages. This suggests that whereas the pattern of expression for p38 MAPK a and b, MK2, and Hsp27 is both maternal and embryonic, p38 MAPK g shows only a maternal pattern of expression. The maternal-to-embryonic transition is a crucial phase in early development that occurs at the eight-cell stage in bovine embryos and is characterized by onset of transcription and subsequent translation of mRNA transcripts (Telford et al. 1990 , Memili et al. 1998 , Natale et al. 2000 , Schultz 2002 .
Although the expression patterns of p38 MAPK isoform transcripts in the bovine embryo differ from those of murine embryos (Natale et al. 2004) , the data still support the presence of an active p38 MAPK pathway in the bovine preimplantation embryo. Environmental/culture stresses, such as changes in osmolarity, temperature, oxygen tension, and oxygen radical metabolites, are activators of p38 MAPK (Ono & Han 2000) . Since, embryos are exposed to such conditions both in vitro and in vivo it is quite likely that p38 MAPK signaling could be playing an important role in mediating and transmitting signals from the environment and thereby play a role in coordinating bovine embryonic development.
Localization of specific proteins of the MAPK pathway indicates that p38 MAPK, MK2, Hsp27, and ERK proteins are present in the bovine preimplantation embryo from the two-cell to the blastocyst stage. Since all these proteins were also identified in their phosphorylated forms, this provides further evidence that these proteins are active and play a distinct role in these early stages of development. Whereas p38 MAPK and ERK1/2 proteins show a similar distribution, with the proteins being present both in the cytoplasm and the nucleus in the blastomeres of the cleavage stages and also in the trophectodermal cells of the blastocyst, MK2 showed a distinct shift in its localization pattern. Although MK2 protein could be detected in both the nuclei and cytoplasm, its phosphorylated form was present predominantly only in the nuclei, suggesting that once MK2 is phosphorylated it becomes associated with the nuclei. This is in accordance with other studies that have shown that MK2 phosphorylation is triggered in response to p38 activation, which in turns stimulates Hsp25/27 phosphorylation (Stokoe et al. 1992 , New & Han 1998 ). The localization pattern observed for Hsp25/27 during bovine early development suggests that once Hsp25/27 becomes phosphorylated, it associates with the actin cytoskeleton. This is in accordance with several other studies demonstrating that Hsp25/27 interacts with the actin cytoskeleton (Landry & Huot 1995 , Davidson & Morange 2000 , DalleDonne et al. 2001 , Natale et al. 2004 . It can be concluded that the p38 MAPK pathway is active in the bovine embryo.
Immunolocalization of ERK proteins was predominantly cytoplasmic in the early cleavage stages; however, at the blastocyst stage some of the trophectodermal cells also showed a nuclear presence of this protein. It can be concluded that ERK protein was localized in the cytoplasm and the nucleus, suggesting that the ERK pathway is also active in bovine embryos. This finding is different from that in mouse where there are conflicting reports about the role of ERK in preimplantation embryogenesis (Haraguchi et al. 1998 , Iwamori et al. 2000 , Wang et al. 2004 . It has been suggested that ERK is not phosphorylated at any stage during the cell cycle of the mouse early embryos (Iwamori et al. 2000) ; although ERK proteins are expressed, MAPKs other than ERKs are activated during the early cleavage divisions of mouse embryos (Haraguchi et al. 1998) . However, recently it has been reported that ERK1/2 mRNA could be detected from the oocyte to the blastocyst stage in the mouse embryo and, in addition, ERK1/2 proteins are activated by phosphorylation (Wang et al. 2004) .
The most important finding of our study is that pharmacological inhibition of p38 MAPK during bovine embryo development had a different outcome from that of our previous studies in mouse (Natale et al. 2004 , Paliga et al. 2005 . In mouse, a significant number of two-cell embryos incubated with either 2.0 or 20 mM SB220025 failed to progress to the blastocyst stage and halted their development at the eight-to16-cell stage (Natale et al. 2004 ). Similar results were achieved when eight-cell mouse embryos were treated with SB220025 (Paliga et al. 2005) . However, treatment of bovine embryos with 20 mM SB220025 at the eight-cell stage failed to induce any developmental blockade and a normal rate of development to the blastocyst stage was observed. Treatment of eight-cell bovine embryos with 10 mM UO126 also did not affect embryo development negatively. This is consistent with findings that the ERK-null murine line progresses through preimplantation development without problem (Saba-El-Leil et al. 2003) . The results of our present study certainly suggest that in the bovine embryo the ERK pathway is able to compensate when p38 MAPK is blocked and that when this compensatory pathway is also blocked, p38 MAPK-blocked embryos fail to progress to the blastocyst stage.
In support of this view, when embryos were treated with SB220025 alone the levels and patterns of phospho-MK2 and phospho-Hsp27 localization were maintained, suggesting that an alternative mechanism might be activating these kinases in the absence of p38 MAPK activity. Similar results were seen when embryos were cultured in the presence of the ERK inhibitor UO126 alone. A number of studies have demonstrated that several signaling-pathway constituents are held in common between parallel MAPK pathways (Kyriakis & Avruch 2001 , Zhang & Liu 2002 , Cowan & Storey 2003 , Ravingerova et al. 2003 . We would propose that when the p38 MAPK pathway is inhibited, the ERK pathway might be compensating for the loss of p38 MAPK. An alternative possibility is that an additional MAPK pathway such as the JNK/SAPK or big MAPK pathway might be active in the preimplantation embryo. Our results would suggest, however, that neither of these pathways is capable of compensating for the loss of both the ERK and p38 MAPK pathways as blastocyst formation was blocked in the presence of both p38 MAPK and ERK inhibitors. Further studies are required to ascertain the reason for this.
An additional difference observed in this study as compared with that from studies applied to the mouse embryo was that whereas treatment with p38 MAPK inhibitors 
